Mechanical stimulation of the cell surface or cilia of cultured ciliated epithelial cells derived from the rabbit tracheal mucosa resulted in a transitory ciliary beat frequency increase of 20% or more. This response was composed of a lag, rise, and recovery phase. The duration of the response, but not the maximal frequency, was increased by stronger stimulation. The ability of these ciliated cells to respond to stimulation depended on culture age; generally, cultures younger than 4 days were insensitive. The frequency response was transmitted to adjacent and more distal cells in all directions. The lag phase but not the rise time of the adjacent cell response was extended.
Mucociliary clearance is an important lung defense mechanism preventing the accumulation of inhaled contaminants within the respiratory tract (RT) (1, 2) . The role of cilia in mucus transport is vital. By providing the driving force, the cilia can determine and control most of the characteristics of mucus transport. However, the mechanisms by which RT ciliated cells regulate mucus transport by means of their cilia are unknown (1, 2) .
If a process is to be regulated by cilia, it is essential that ciliary activity be adjusted in response to varying environmental conditions. A relevant example would be a change in mucus load. In non-mammalian ciliated systems environmental information is frequently transduced into changes in ciliary activity by Ca2l-dependent mechanosensitivity. In Paramecium and Stylonychia physical stimulation of the anterior cell surface, usually arising from collision during normal movement, results in the reversal of the ciliary beat pattern and a concurrent increase in beat frequency. This response is induced by a membrane depolarization and an elevation of intracellular Ca2+ (3, 4) . Similarly, tactile stimulation leading to elevated intracellular Ca2' has been found to increase, but not reverse, the beat frequency in salamander oviduct (5) , frog palate (6) , and Mytilus abfrontal (7) cilia.
The mechanism by which Ca2+ mediates these changes is not fully understood; evidence suggests that Ca2+ acts in conjunction with calmodulin at an axonemal site (8) . In salamander ciliated oviduct cells Ca2+ is thought to modify cell ATP metabolism (5) . A role for Ca2+ in the control of mammalian ciliary activity has been proposed (9) (10) (11) . Elevated intracellular Ca2+, induced with ionophore A23187 in intact cells and Ca2+-calmodulin complexes added to detergent-permeabilized ciliated cell models (9) (10) (11) , has been shown to increase beat frequency without altering beat orientation of RT and oviduct cilia.
We report here that mammalian RT ciliated cells are also sensitive to mechanical stimulation in a Ca2l-dependent manner and that this sensitivity can be communicated to adjacent cells. We believe these responses are fundamental to the regulation of mucociliary clearance in view of the mechanical interactions that occur between cilia and mucus.
MATERIALS AND METHODS Details of the cell culture technique and the data acquisition system have been described elsewhere (12 HBSS to a concentration of 1 mM verapamil and 1% ethanol. For observation, cultures were transferred to a temperatureregulated holder (usually 20-25°C) and viewed with phasecontrast optics (x40 water-immersion lens). The movement of the cilia was detected and transduced by a phototransistor into a photoelectronic signal that was recorded by a computer-assisted data acquisition system. Accurate alignment of the phototransistor over the cilia was achieved with the aid of cross-hair sights (Fig. 1) .
Mechanical Stimulation. The cilia of the cell to be stimulated were aligned so that a repetitive photoelectronic signal was recorded. A glass microprobe (tip diameter 1 ,m), attached to a piezoelectric device, was brought into alignment with a micromanipulator over the selected cell adjacent to the cilia. The cell was stimulated by dimpling its surface with a vertical movement of the microprobe. Stimulation of the cilia was achieved by rotating the piezoelectric device through 900 to provide a horizontal pulse. The displacement pulse of the probe was driven by a single square-wave voltage pulse lasting 175 msec. Tip displacement was linearly proportional to the applied voltage: 0.464 Am/V. The stimulating pulse was recorded by the data acquisition system.
The mechanosensitive response of RT ciliated cells consists of a lag, rise, and recovery phase. The lag phase is the time elapsed before the beat frequency increases following the termination of stimulation. A measure of the rise and recovery phases is provided by the rise and recovery times, respectively. The rise time is the time taken (from the end of Abbreviation: RT, respiratory tract.
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RESULTS
We observed that ciliary beat frequency of RT cells increased as surrounding fluids were exchanged. The direct stimulation of a cell by dimpling its surface with a microprobe (Fig. 1) confirmed that cultured RT ciliated cells respond to mechanical disturbance by rapidly elevating the beat frequency of their cilia (Fig. 2) . The expression of this mechanosensitivity is, however, influenced by culture age (Fig. 2c) . A frequency response could also be induced by the direct stimulation of the cilia with the microprobe or by drawing mucus attached to the microprobe over the cilia. Mechanosensitivity was displayed by the cells that remained in the original explant.
Influence of Tissue Culture Age on Mechanosensitivity. Cell cultures were suitable, as judged by the morphology and extent of the cellular outgrowth from the explant, for experimentation after 3 days. At this stage the cells were found to lack mechanosensitivity. A range of increasing stimuli was given to ensure that a threshold or stronger stimulus was delivered. Most cells were still unresponsive after 5 days of culture. However, a weak response was obtained in a few cases when a large microprobe displacement (>10 ,um) was applied. In addition, many insensitive cells could be forced to elicit a short response if manually stimulated. Cell damage frequently accompanied these stimulations. This activation was followed by ciliary arrest, suggesting the stimulus was lethal. After 6 or 7 days in culture almost all of the cells displayed mechanosensitivity in response to stimuli <10 .um ( Frequency Response Characteristics. At room temperature in HBSS the cilia of undisturbed cultured ciliated cells maintain a beat frequency (3-10 Hz) that does not vary with culture age. The mean beat frequency at 3, 5, and 7 days was 6.77, 6.74, and 6.25 Hz, respectively. The minimal stimulus required to elicit a response was variable, which may result from the difficulties of accurately aligning the microprobe with the irregular topography of the ciliated cells in culture rather than being a reflection of cell sensitivities. To overcome these positional errors the threshold stimulus intensity was determined in a relative manner. By maintaining a small incremental step, a measurement of the intensity of the stimulus can be obtained by calculating the tip displacement between two successive stimuli in which the first stimulus did not, but the second did, invoke a response (Figs. 2 and 3 ).
With this approach, a stimulus consisting of a 1-,um tip displacement for 175 msec invoked a frequency response.
The effect of stronger stimuli on the response was determined by initially obtaining the threshold stimulus for a cell, after which stronger stimuli of known magnitude were applied. Under these conditions the maximal frequency reached during a response did not increase with stronger stimulation (Fig. 3) . Although the maximal frequency attained during each response is consistent for an individual cell, irrespective of the stimulus intensity, the maximal frequencies reached varied between cells. The ciliary beat frequency of most cells increased by 20-60% but, in some cases, reached frequencies greater than double the original rate (Fig. 4) . Under warmer conditions (36-390C) similar percentage increases were observed, even though the initial beat frequencies of the cilia were higher (Figs. 2b and 3d) . In contrast to the maximal frequency of the response, the duration of the response increased following stronger stimulation (Fig. 3) . After threshold stimulation the elevated beat frequency returned toward its original level, but the onset and rate of frequency rebound were delayed by stronger stimulation. In experiCell Biology: Sanderson (Fig. 5) . In the stimulated cell the lag phase (mean = 285 msec, n = 11, SD = 190) and rise time (mean = 234 msec, n = 11, SD = 110) were similar. At warmer temperatures (380C), the lag phase (mean = 157 msec, n =9, SD = 110) and rise time (mean = 188 msec, n = 9, SD =96) were similarly shortened.
Cellular Communication of Stimulation. The frequency response was transmitted to the surrounding cells in all directions. However, the lag phase of the immediately adjacent cells was extended (mean = 3.225 sec, n = 9, SD = 1.1), whereas the rise time of the response was similar (mean =348 msec, n =8, SD =160) (Fig. 5) . The Similarly, the frequency response of the stimulated or the adjacent cells was apparently unaltered in the presence of 100 ,uM verapamil. However, increasing the verapamil concentration to 1 mM greatly reduced the frequency response to a small, transient increase. This was also followed by a decline in ciliary activity leading to arrest (Fig. 6) , which resulted from a reduction in beat frequency but not in amplitude. A similar Ca2 -dependent transduction mechanism has been described in Paramecium and Stylonychia. In these protozoa, mechanosensitive channels are located in the non-ciliary cell membrane (3, 4, 14, 15 (3, 14) , Stylonychia (4) , and the ciliated cells of Mytilus (7, 18) that reach a maximum in <25 msec, the response of cultured RT ciliated cells is slow. This suggests that although the mechanosensitivity of RT cilia is dependent on Ca2" influx across the cell membrane, the transduction process does not involve a ciliary membrane amplification mechanism dependent on voltage-sensitive channels. It is possible that, in the absence of voltage-dependent channels, this delayed time course may be explained by a slow accumulation of sufficient Ca2" in the axoneme to induce a response (19) . The alternative hypothesis, that entering Ca2+ does not directly mediate the axonemal response but instead initiates the production or release of a second intracellular messenger, is more attractive. A similar conclusion has been proposed for the delayed mechanosensitivity of salamander cilia (5) . The existence of a Ca2+-induced calcium release, as found in other excitable cells (20) , would be consistent with the effects of Ca2+ on the frequency of demembranated mammalian cilia (10, 11 The concentration of verapamil used in this study may be high, but low concentrations of the drug do not always completely block calcium influx into the cell (13) . Consequently, Ca2+-dependent processes may still occur, especially those that are mediated by the production of a second intracellular messenger. Therefore, it seems reasonable that relatively high doses of the drug would be required to abolish mechanosensitivity. Drug toxicity does not appear to be a problem since nonstimulated cells maintain their beat frequency in the presence of verapamil.
We believe that the possession of mechanosensitivity by RT ciliated cells is a fundamental regulatory mechanism of mucociliary clearance. The implication of our hypothesis is that mucociliary clearance is a localized, self-regulating process, a suggestion that fits well with the sparse motor innervation of the RT epithelium. Contact between cilia and mucus results in local, mechanical stimulation leading to the elevation of beat frequency in the immediate vicinity. Furthermore, cellular communication of the response locally coordinates a cooperative increase in activity of the cilia of adjacent cells to transport the overlying mucus. Mucociliary clearance, occurring on isolated frog palate, also appears to display cooperative ciliary activation. In the absence of intact innervation, mechanical stimulation of the palate increases ciliary beat frequency. In addition, the beat frequency of cilia at a specific point increases and then declines as particles embedded in mucus approach and move away from that point (23) . In our studies, the mechanosensitive response is observed as a frequency increase in the absence of mucus. However, in the presence of overlying mucus, the frequency response would probably be expressed by an increase or maintenance of the work performed, in order to move the extra load. A similar phenomenon of autoregulation of ciliary beat frequency with increasing viscous loads has been demonstrated in RT (24) and newt lung (25) ciliated cells. However, the role of calcium in autoregulation has not been determined.
